Previous neuroimaging studies have found hyperactivation in the cerebellum and motor cortex and hypoactivation in the basal ganglia in patients with Parkinson's disease (PD) but the relationship between the two has not been established. This study examined whether cerebellar and motor cortex hyperactivation is a compensatory mechanism for hypoactivation in the basal ganglia or is a pathophysiological response that is related to the signs of the disease. Using a BOLD contrast fMRI paradigm PD patients and healthy controls performed automatic and cognitively controlled thumb pressing movements. Regions of interest analysis quantified the BOLD activation in motor areas, and correlations between the hyperactive and hypoactive regions were performed, along with correlations between the severity of upper limb rigidity and BOLD activation. There were three main findings. First, the putamen, supplementary motor area (SMA) and pre-SMA were hypoactive in PD patients. The left and right cerebellum and the contralateral motor cortex were hyperactive in PD patients. Second, PD patients had a significant negative correlation between the BOLD activation in the ipsilateral cerebellum and the contralateral putamen. The correlation between the putamen and motor cortex was not significant. Third, the BOLD activation in the motor cortex was positively correlated with the severity of upper limb rigidity, but the BOLD activation in the cerebellum was not correlated with rigidity. Further, the activation in the motor cortex was not correlated with upper extremity bradykinesia. These findings provide new evidence supporting the hypothesis that hyperactivation in the ipsilateral cerebellum is a compensatory mechanism for the defective basal ganglia. Our findings also provide the first evidence from neuroimaging that hyperactivation in the contralateral primary motor cortex is not a compensatory response but is directly related to upper limb rigidity.
Sporadic ParkinsonTs disease (PD) results from degeneration of the nigrostriatal dopaminergic system leading to resting tremor, rigidity, bradykinesia and akinesia. According to the classic model of the motor deficits of PD (Albin et al., 1989; DeLong, 1990) , the internal segment of the globus pallidus has an increased inhibitory drive to the thalamus that reduces the excitatory thalamic drive to the cerebral cortex. This model is supported by brain imaging studies showing reduced regional cerebral blood flow (rCBF) and reduced blood oxygenation level dependent (BOLD) activation in the basal ganglia, and in cortical regions such as the supplementary motor area (SMA) and dorsolateral prefrontal cortex (DLPFC) (Buhmann et al., 2003; Dirnberger et al., 2005; Jahanshahi et al., 1995; Playford et al., 1993; Samuel et al., 1997; Thobois et al., 2004) . On the other hand, brain imaging studies in PD patients using a variety of motor tasks have found hyperactivation in the primary motor cortex (Haslinger et al., 2001; Sabatini et al., 2000; Thobois et al., 2000) and the cerebellum (Rascol et al., 1997; Wu and Hallett, 2005) . Hyperactivation in PD patients has been suggested as a strategy of the central nervous system to compensate for the defective function in the basal ganglia (Ceballos-Baumann, 2003; Rascol et al., 1997; Sabatini et al., 2000; Thobois et al., 2000 Thobois et al., , 2004 Wu and Hallett, 2005) , although the direct support for this hypothesis has been tentative. Alternatively, it has been argued that hyperactivation could be related to specific signs of the disease such as rigidity (Kleine et al., 2001; Pierantozzi et al., 2001; Ridding et al., 1995) . For example, Pierantozzi et al. (2001) found that following apomorphine uptake the increased inhibition of motor evoked potentials (MEP) was correlated with the improvement in the UPDRS rigidity score. Cantello and colleagues (1991) also reported that in PD patients with predominant rigidity, the threshold of motor cortical stimulation was significantly lower in the side contralateral to the rigid hand compared to the non-rigid hand. These studies are in contrast to previous suggestions that the motor cortex may not play a significant role in rigidity (Delwaide et al., 2000) .
The current study examines if the hyperactivation in the cerebellum and primary motor cortex in PD patients is consistent with compensation or potentially related to limb rigidity. In order for hyperactivation of a specific brain region to be considered compensatory, the structural or physiological responses of the compensatory brain area must be modified and shown to counterbalance the brain region that is functioning abnormally (Bezard et al., 2001) . We used BOLD contrast fMRI during simple thumb pressing movements in PD patients and age-matched healthy individuals. We chose a motor timing task because several studies have pointed out the critical role of the basal ganglia and cerebellum in producing time intervals (Harrington et al., 1998; Ivry and Keele, 1989; Jueptner et al., 1995; OTBoyle et al., 1996; Penhune et al., 1998; Wing et al., 1984) . The thumb movements were paced by a metronome at two different intervals (900 ms and 2400 ms). While the pacing at 900 ms elicited a more periodic and automatic response, the stimuli with 2400 ms intervals are no longer perceived and produced as periodic movements. Rather, subjects produce a sequence of individual discrete movements in which each movement is initiated and terminated as a separate movement (Schaal et al., 2004) . These two tasks are consistent with what Miall and colleagues labeled as automatic and cognitively controlled timing and are associated with different cortical and subcortical activation patterns (Lewis and Miall, 2003) .
This study had three goals. Our first goal was to replicate previous findings that the putamen is hypoactive in PD (Jahanshahi et al., 1995) , and the ipsilateral cerebellum (Rascol et al., 1997; Wu and Hallett, 2005) and motor cortex (Haslinger et al., 2001; Sabatini et al., 2000; Thobois et al., 2000) are hyperactive in PD. The first hypothesis is that this pattern of hypo-and hyperactivation is not task specific and occurs during both automatic rhythmic movements (900 ms) and cognitively controlled discrete movements (2400 ms). Our second and third goals provide novel insights into potential consequences of hyperactivity in the cerebellum and motor cortex. The second hypothesis is that if hyperactivation in the cerebellum and motor cortex were consistent with a compensatory mechanism then there would be a negative correlation with the activation in the putamen. To this end we examined the correlations between the BOLD activation in the putamen with the BOLD activation in the cerebellum and motor cortex. The third goal examined the correlations between the BOLD activation in the cerebellum and motor cortex with the rigidity and bradykinesia scores from the UPDRS. The third hypothesis is that if hyperactivation in the motor cortex was consistent with altered pathophysiology rather than compensation, the correlation with the activation in the putamen would be low and non-significant. Instead, a positive and significant correlation should exist with a sign of PD such as limb rigidity. As such, we examined the correlations between the BOLD activation in motor cortex and limb rigidity. To determine the specificity of the correlation, we also correlated the BOLD activation with bradykinesia.
Methods

Participants
Eight PD patients and eight sex-and age-matched healthy subjects participated in the experiment. The average age of the PD patients was 59.4 ± 8.4 years. When recruited, all patients were taking levodopa and a short-acting dopamine agonist. Only one patient was taking levodopa plus a long-acting dopamine agonist. This patientsT data was similar to the other 7 patients. Their motor performance was independently rated by a movement disorders neurologist using the Unified Parkinson Disease Rating Scale (UPDRS) (Fahn et al., 1987) . The scores are listed in Table 1 , and were obtained following a 12 h overnight withdrawal of antiparkinsonian medication. Brain imaging was also examined following overnight withdrawal of antiparkinsonian medication in the functionally defined off state (Langston et al., 1992) . To avoid the potential confounding effect from tremor and cognitive deficits, patients with a UPDRS resting tremor score larger than 1 on the right upper limb or with an MMSE (Mini Mental State Examination) score less than 27 were not recruited in the experiment. The average age of control subjects was 59.5 ± 9.5 years, and none reported a history of neurological disease or cognitive dysfunction. All subjects agreed to the experimental procedure by signing the informed consent form approved by the Institutional Review Board of the University of Illinois at Chicago.
Procedure and design
The experimental protocol consisted of subjects performing paced thumb pressing movements at short and long time intervals. The auditory pacing signals, with each tone of a duration of 50 ms and a frequency of 440 Hz, were delivered to subjects binaurally via headphones. Subjects were given a cylinder-shaped device in their right hand by which they performed thumb movements. During the task, subjects were instructed to synchronize their right thumb flexion by pressing the button on the cylinder device with the metronome tones as accurately as possible. The experiment used a block design consisting of four movement blocks alternating with rest. Each block lasted 25 s. Two separate imaging scans were performed. The target period was 900 ms for one scan, and 2400 ms for the other. The two tasks were presented with the order counterbalanced across subjects. Subjects were trained on the movement task for approximately 45 min outside the scanner before data collection.
Data acquisition
All imaging data were acquired on a 3.0 Tesla Signa whole body scanner with a volume head coil (General Electric Healthcare, Wisconsin, USA). Head motion was restricted by placing adjustable padding between the head and the head coil apparatus. A fixation point was given together with visual feedback of the head position to facilitate a stable head position (Thulborn, 1999 
Behavioral data analysis
The behavioral data were analyzed using custom written programs in MATLAB. The inter-response interval (IRI) was defined as the interval between two successive movement onsets. For each subject the means and standard deviations of the IRIs were calculated separately for each task block, and then averaged for the entire scan. The average time that subjects maintained their thumb on the button between each IRI was also calculated. Significant differences between healthy controls and PD patients were tested using a 2 (group) × 2 (task) ANOVA for each dependent measure.
fMRI analysis: within-group functional maps
Imaging data were analyzed using the Analysis of Functional NeuroImages (AFNI) software (Cox, 1996; Cox and Hyde, 1997) . Motion correction was performed on each data time series using 3D volume registration. A 2 (group) × 2 (task) × 3 (x, y, z direction) mixed model ANOVA with repeated measures on task and direction was performed. This analysis indicated that the head motion was not significantly different between patients and controls (p = 0.32), there was no significant difference between the 900 ms and 2400 ms tasks (p = 0.49), and head motion between each direction was also not significantly different (p = 0.21). All interactions were non-significant.
For each subject the average percent signal change associated with the thumb movement conditions was calculated against the rest condition. To estimate the functional activity of each voxel, a multiple regression model was used to correlate the time series of percent signal change with simulated hemodynamic response functions for the thumb movement and rest conditions. The time series for thumb movements and rest conditions was simulated as a box-car function. The box-car time series was then convolved with an ideal hemodynamic gamma variate waveform in AFNI. Subsequently, the individual functional data were transformed into Talairach space (Talairach and Tournoux, 1988) .
Within-group functional maps for the movement tasks were obtained using a mixed-effects two-way ANOVA, where task was a fixed factor and subject was treated as a random factor. For both healthy and patient groups significant functional activity was identified using AlphaSim in AFNI at the individual voxel level of t > 4.5 with a minimal cluster size of 6 contiguous voxels (300 μl). This yielded a corrected alpha of p < 0.05.
ROI analysis: between-group differences
To examine hypothesis 1, we first generated the ROI mask using between-group analyses. Between-group differences were tested using ROI analysis on the percent signal change. To draw the ROI mask, separate between-group t-tests were performed for the 900 ms and 2400 ms tasks, respectively. Regions that had a significant difference at p < 0.05 were identified. Those regions in both 900 and 2400 ms tasks were then compared with the withingroup functional maps. Only those regions that showed significant activation in the within-group maps were included in the final ROI mask, which was the same mask for both the 900 and 2400 ms tasks. This approach focuses the mask on the between-group effects, and minimizes the potential effects of the task. The mask included 13 regions for the ROI analysis that included the left motor cortex, left and right pre-SMA, left and right SMA, right DLPFC, left and right caudate, left and right putamen, left GPe, and left and right lateral cerebellum. The ROI analysis included all voxels (with positive or negative percent signal changes against rest) within the mask. Separate 2 (group) × 2 (task) mixed model ANOVAs were performed for each ROI region. Significant main effects and interactions were reported when the probability of a type I error was less than 0.05.
Relation between hypo-and hyper-activation
To test hypothesis 2 regarding the relation between hypoactivation and hyperactivation in PD patients, PearsonTs correlation analyses were performed on the percent signal change between the left putamen and all of the left side regions (6 in total) from the ROI analysis. We also examined the correlations with the right cerebellum because there are contralateral projections to motor areas and there is also a disynaptic connection with the contralateral (left) putamen (Hoshi et al., 2005) . The left cerebellum was tested for correlations as a control condition because we did not anticipate correlations between the left cerebellum and left motor areas. As an additional control analysis, we examined the correlation between the right cerebellum and left putamen of healthy subjects. Since the group by task interactions in these regions were not significant, the percent signal changes in the 900 ms and 2400 ms conditions were pooled in the correlation analysis. Significant positive and negative correlations were defined at p < 0.05.
Relation between hyperactivation and limb rigidity
To test hypothesis 3 the relation between limb rigidity and brain activity was investigated. The rigidity score of the right upper limb was evaluated using the UPDRS (range 0-4, Table 1 ). The UPDRS was conducted by a movement disorders neurologist blinded to the purpose of the study. Regression analyses were performed between the rigidity score and the average percent signal change in the left primary motor cortex and the right cerebellum to study the relation between rigidity and hyperactivation in these two areas. The relation between rigidity and hypoactivation of the putamen was also tested.
Relation between hyperactivation and upper limb bradykinesia
The relation between upper limb bradykinesia and hyperactivation was also examined. We calculated the total score from the motor section of the UPDRS only including questions related to upper limb bradykinesia of the right hand (finger taps, hand movements, and rapid alternating movements). Since we report the data from the right limb, the maximum possible score was 12. The bradykinesia scores for the right upper limb are presented in Table  1 . Regression analyses were performed between the bradykinesia score and the average percent signal change in the left primary motor cortex and the right cerebellum.
Results
Behavioral performance
The mean IRIs of the 900 ms and 2400 ms tasks are summarized in Fig. 1A for both groups. As expected, there was a significant effect of task on the mean IRI (F(1,7) = 53810, p < 0.0001). However, there was no effect of group on the mean IRI (F(1,7) = 0.21, p = 0.66). No group by task interaction was detected (F(1,7) = 1.12, p = 0.33). Similarly, the standard deviation of IRIs did not show significant differences between groups (F(1,7) = 0.01, p = 0.94) (Fig. 1B) . Both groups had a significant increase in variability during the 2400 ms compared with the 900 ms task (F(1,7) = 70.06, p < 0.0001). There was no group by task interaction for the standard deviation of IRI (F(1,7) = 0.01, p = 0.94). Fig. 1C shows the amount of time that subjects maintained their thumb on the button. There was a significant effect of task (F(1,7) = 9.28, p < 0.05), but the effect of group (F(1,7) = 3.38, p = 0.11), and the group by task interaction (F(1,7) = 0.25, p = 0.63), were not significant. These findings show that patients with PD were able to perform the two types of movements with the required time intervals similarly to healthy controls. Both groups had increased variability and increased button pressing time during the 2400 ms task compared to the 900 ms task. These two latter findings testify to the different task demands and performance in the 900 ms and 2400 ms movements.
fMRI: within-group analysis
The brain regions where task-related activation was found for healthy controls and PD patients are listed in Table 2 . For controls, significant activation during 900 ms movements was observed in the left sensorimotor cortex (SMC) and left S1, the left pre-SMA and SMA, left cingulate motor area (CMA), left and right pre-PMd, left PMd, left and right PMv, left and right inferior parietal lobule (IPL), left and right superior temporal gyrus (STG), and left and right insula. Significant activation was also found in the left and right thalamus, left and right caudate, left and right putamen, left globus pallidus external segment (GPe), and the left and right cerebellum (Table 2, Fig. 2) .
PD patients had fewer significantly activated regions during 900 ms movements than healthy individuals (Table 2, Fig. 2 ). Significant activation for PD patients was only found in the left SMC, left and right SMA, left PMv, right IPL, left and right STG, left and right thalamus, and left and right cerebellum.
In healthy controls, 2400 ms movements activated the left and right pre-SMA and SMA, and the activation volume in these areas was larger compared to the 900 ms task (Table 2, Fig. 2 ). In addition, there was significant functional activation in the right dorsolateral prefrontal cortex (DLPFC) during 2400 ms that was not seen in the 900 ms task. In contrast, the activation volume in the left putamen and left GPe was reduced during the 2400 ms task compared to the 900 ms task. The activation in the left and right caudate did not reach significance during the 2400 ms task.
PD patients also had increased activation in the left pre-SMA and left and right SMA during 2400 ms compared with 900 ms. However, PD patients did not have increased activation in the right Mean IRIs for the 900 ms and 2400 ms conditions. The mean IRIs did not significantly differ between patients and controls in either 900 ms or 2400 ms conditions. B) The standard deviations of IRI for the 900 ms and 2400 ms conditions. C) The mean time period that subjects pressed the button with their thumb during 900 ms and 2400 ms conditions. The error bars represent the standard error between subjects. Similarly, there was no significant between-group difference in either condition. The standard deviation increased from 900 ms to 2400 ms condition in both patient and healthy group (p < 0.0001).
DLPFC as found in healthy individuals during 2400 ms movements (Table 2, Fig. 2 ).
ROI analysis
The statistical results from the group by task ANOVAs for each ROI region are listed in Table 3 . We first describe the between group differences where PD patients were hypoactive compared to controls. Next, we describe the hyperactive regions in PD patients compared to controls. Finally, we describe the task effects and interactions.
Between-group difference: hypoactivation in PD patients
PD patients had significant hypoactivation in six ROI regions (Table 3) . They were the left and right pre-SMA, the left SMA, the right DLPFC, the right caudate and the left putamen (Fig. 3) . The percent signal change in these regions was significantly lower in PD patients compared to healthy controls in both 900 ms and 2400 ms tasks. In the right DLPFC, the percent signal change of healthy subjects increased from 900 ms to the 2400 ms task, but it remained approximately the same for PD patients. This different activation pattern in the right DLPFC led to a group by task interaction that was close to significance, p = 0.07. These findings support hypothesis 1 that the putamen and mesial cortical areas are hypoactive in patients with PD during both automatic and cognitively controlled timing.
Between-group difference: hyperactivation in PD patients
PD patients had hyperactivation in the left and right cerebellar hemispheres and the left primary motor cortex (Table 3 , Fig. 4) . Fig. 4A demonstrates that the right cerebellum had significantly higher percent signal change in PD patients in both period conditions. Brain images in Fig. 4 show that the region with hyperactivation in PD patients is located in the right superior semilunar lobule (or Crus I) of the cerebellar hemisphere. The hyperactivation in the left cerebellum is seen more in the inferior CMA: cingulate motor area; DLPFC: dorsolateral prefrontal cortex; GPe: globus pallidus external segment; IPL: inferior parietal lobule; PMd: dorsal premotor cortex; PMv: ventral premotor cortex; S1: primary sensory cortex; SMA: supplementary motor area; SMC: sensorimotor cortex; STG: superior temporal gyrus.
semi-lunar lobule (or Crus II). These findings support hypothesis 1 that the cerebellar hemispheres and primary motor cortex are hyperactive in patients with PD during automatic and cognitively controlled timing.
Period effects and interaction
There was a main effect of task in the right pre-SMA and SMA. In both groups, the percent signal change in these two areas significantly increased from 900 ms to the 2400 ms task. A group by task interaction was found in the right putamen, where PD patients had an increased activation in the right putamen during 2400 ms task but healthy individuals did not. Since the focus of our ROI analysis was on the disease-related effects, we used the ROI mask that revealed robust between-group differences. This mask may not have included the areas where task effects occurred, and therefore our effects for task were minimal in Table 3 . Thus, the findings regarding task effects and interactions from the ROI analysis should be interpreted carefully. Indeed, there were clear differences between tasks as shown in Fig. 2 and Table 2 that were consistent with previous work (Lewis and Miall, 2003; Schaal et al., 2004) but did not occur in the ROI analysis.
Relation between hypo-and hyper-activation
PearsonTs correlation analyses were performed on the left caudate, putamen, GPe, pre-SMA, SMA, primary motor cortex, and ipsilateral right cerebellum for PD patients (Table 4 ). There was a significant negative correlation between the percent signal change of the right cerebellum and the left putamen (r = − 0.56), the right cerebellum and the left GPe (− 0.51), as well as the right cerebellum and the left pre-SMA (−0.57) (p's < 0.05). A control analysis using the left cerebellum (not shown in Table 4 ) failed to show significant correlations with the left putamen, GPe, and the pre-SMA, with PearsonTs correlation coefficient equal to − 0.12, − 0.25, and − 0.21, Fig. 2 . Within-group functional maps for healthy individuals and PD patients in 900 ms and 2400 ms conditions (p < 0.05, corrected). Images are in neurological orientation (left is left). DLPFC = dorsolateral prefrontal cortex; GPe = globus pallidus external segment; IPL = inferior parietal lobule; M1 = primary motor cortex; PMd = dorsal premotor cortex; PMv = ventral preomtor cortex; SMA = supplementary motor area; STG = superior temporal gyrus. respectively. In addition, a control analysis in healthy individuals between the right cerebellum compared with the left putamen (− 0.12), GPe (− 0.25), and pre-SMA (0.11) also failed to show significant correlations (pTs > 0.05). In patients with PD, Table 4 shows that the activation in the left primary motor cortex also failed to show significant correlations with other brain regions. Significant positive correlations were found between the left putamen and GPe (0.93), putamen and pre-SMA (0.85), and GPe and pre-SMA (0.81) (pTs < 0.05). In summary, these findings are consistent with hypothesis 2 that the cerebellar hyperactivation may be compensating for the hypoactive putamen, and suggest that the motor cortex hyperactivation may not be related to compensation. Relation between hyperactivation and limb rigidity Fig. 5A shows the group map for the regions of the motor cortex that displayed greater activation in patients with PD compared with healthy control subjects. Fig. 5B shows the percent signal change in the left primary motor cortex in all PD patients against their rigidity score (UPDRS motor) of the right upper extremity. The horizontal solid line in Fig. 5B represents the average percent signal change of the left M1 in healthy controls, and the dotted lines represent the standard error. Brain images show that the region where correlations were found in patients resides in the upper portion of the precentral gyrus. Regression analysis indicates a significant linear relation between the percent signal change in the left primary motor cortex and rigidity in PD patients (r = 0.85, p < 0.05). This finding suggests that increased limb rigidity is related to increased activation found in the primary motor cortex. Although the button pressing time was not significantly different between PD patients and control, it is possible that the slightly elevated pressing time could have influenced the percent signal change in the motor cortex (Fig. 1C) . Therefore, we examined the correlation between button pressing time and percent signal change in the motor cortex, but this was not significant (p > 0.3). Thus, the relation between rigidity and percent signal change in motor cortex was likely not due to a task-related behavioral covariate.
The relation between rigidity and the percent signal change in PD patients was also tested in the right cerebellum to determine whether the relation observed in the motor cortex was specific or generalizable. The result indicated that rigidity did not correlate with the hyperactivation in the right cerebellum with the r value equal to 0.02. Also, there was no significant correlation between rigidity and the hypoactivation in the left putamen (r = 0.1). These results are consistent with hypothesis 3 that rigidity was related to the hyperactive BOLD signal in the motor cortex, and was not related to other motor regions.
Relation between hyperactivation and limb bradykinesia
The relation between hyperactivation and upper limb bradykinesia was also examined (Fig. 5C) . Fig. 5C indicates that the slope between bradykinesia and the percent signal change in the motor cortex was positive. However, the relation between motor cortex and bradykinesia was more variable than the analysis for rigidity, and the regression analysis for bradykinesia resulted in a nonsignificant correlation (r = 0.48, p = 0.23). The correlation between the hyperactive right cerebellum and upper limb bradykinesia was also non-significant (r = − 0.30, p = 0.47). The numbers in the graphs refer to subject numbers and make evident that the relation between M1 hyperactivation and the scores for rigidity and bradykinesia were different across subjects.
Discussion
This study determined functional correlates for hyperactivation in the cerebellum and primary motor cortex in patients with PD. There were three important findings. First, we have confirmed previous findings that in PD patients compared with healthy individuals the contralateral putamen has reduced BOLD activation, whereas the ipsilateral cerebellum and the contralateral motor cortex have increased BOLD activation. The novel contribution of this study is that we have also shown that these same findings occur in two tasks that require either periodic, i.e. relatively automatic movements, or discrete movements that require initiation and termination and are more under cognitive control with increased demands on cortical and subcortical areas (Lewis and Miall, 2003; Schaal et al., 2004) . Second, there was a significant negative correlation between the BOLD activation of the ipsilateral cerebellum and the contralateral putamen, and this relation only occurred in PD patients. In contrast, the BOLD activation in the motor cortex was not correlated with the BOLD activation in the putamen. Third, the BOLD activation in the contralateral primary motor cortex was positively correlated with the severity of limb rigidity in PD patients, but not significantly correlated with upper limb bradykinesia. These findings provide some evidence that helps to disentangle the functional correlates of compensation and impaired suppression of the ipsilateral cerebellum and motor cortex in PD, and their relationship to the motor deficits of PD.
Hypoactivation in the putamen and mesial frontal areas
This study provided evidence that PD patients had hypoactivation in the left putamen, pre-SMA and SMA, and that the hypoactivation occurred across both task conditions (Fig. 3) . The basal ganglia system has several segregated circuits to facilitate a variety Each percent signal change value is the average across the 900 ms and 2400 ms conditions. The horizontal solid line represents the average percent signal change of the left M1 in healthy individuals, and the dotted lines represent the standard error. A significant linear relation was found between the percent signal change in the left M1 and the rigidity score in patients (r = 0.85, p < 0.05). The number by each symbol corresponds to the patient number in Table 1 . C) The percent signal change in the left M1 against the bradykinesia score from the right upper limb in PD patients. The bradykinesia score included ratings from the finger taps, hand movements, and rapid alternating movements. The linear relation was not significant (r = 0.48, p = 0.23). The number by each symbol corresponds to the patient number in Table 1 . of motor and cognitive behaviors (Alexander et al., 1990 (Alexander et al., , 1986 . The motor circuit is primarily composed of projections from the putamen to the thalamus, via the direct and indirect basal ganglia circuits, which then project to the SMA, premotor, and primary motor cortex. In PD, it has been shown that the reduction in dopamine uptake is most severe in the posterior putamen (Thobois et al., 2004) , and the region of interest used in the current study was in the middle to posterior portion of the putamen. According to the classic basal ganglia model (Albin et al., 1989; DeLong, 1990) , the pathological changes in PD cause excessive inhibitory outflow from the basal ganglia to thalamo-cortical areas, thereby significantly reducing the activation in mesial cortical areas. The hypoactivation in the putamen, pre-SMA, and SMA has been shown in previous imaging studies in PD patients (Buhmann et al., 2003; Jahanshahi et al., 1995; Playford et al., 1993; Rascol et al., 1997) . In addition, Buhmann et al. (2003) also showed that the hypoactivation in the SMA was normalized after the administration of levodopa, indicating that the reduced cortical activation is secondary to dopamine deficiency. Previous work using PET has also shown that deep brain stimulation of the subthalamic nucleus increases the activation of mesial cortical areas (Grafton et al., 2006) . Our findings extend this previous work by showing that the putamen is hypoactive during both automatic and cognitively controlled timing movements.
Compensation and hyperactivation in the cerebellum
The current study found that the left and right cerebellum had significantly higher activation in PD patients compared to agematched healthy individuals during both tasks (Figs. 2 and 4 , Table  3 ). This finding extends two previous neuroimaging studies that have reported hyperactivation in the cerebellum. A SPECT study by Rascol and colleagues (1997) was the first to report greater activation in the ipsilateral cerebellum in PD patients compared to controls during a sequential finger-to-thumb opposition task. In addition, the authors found that the ipsilateral cerebellum was markedly active in PD patients when off antiparkinsonism medication, but not when patients were on medication. A recent fMRI study by Wu and Hallett (2005) also revealed hyperactivation in the cerebellum bilaterally in PD patients when performing sequential finger tapping movements. In contrast to studies that have found the cerebellum to be hyperactive, there is also evidence that the cerebellum in PD patients is hypoactive during a visual tracking task (Turner et al., 2003) . In the current study, we examined thumb pressing movements paced by auditory tones, which is more in line with the sequential finger movement tasks used by Rascol and colleagues and Wu and Hallett. The current study was not directly designed to resolve this issue and it remains possible that whether the cerebellum is hypoactive or hyperactive is task specific and may also depend on the feedback modality (Turner et al., 2003) .
It has been proposed that the hyperactivation in the cerebellum of PD patients is a mechanism of functional compensation for a defective basal ganglia (Rascol et al., 1997; Wu and Hallett, 2005 ). In the current study, we provide new evidence that supports this hypothesis by showing that there is a negative correlation between the activation of the ipsilateral cerebellum and the contralateral putamen (Table 4 ). In addition, we found that the means and standard deviations of the inter-response intervals were not different between healthy individuals and PD patients when producing automatic movements at a rate of 900 ms and during cognitively controlled movements at an average rate of 2400 ms (Fig. 1) . This finding regarding similar performance is consistent with previous studies in PD patients that have used inter-response intervals 666 ms, 1000 ms, 2000 ms, and 3000 ms (Jahanshahi et al., 1995; Pastor et al., 1992) . It should be noted that at intervals faster than 600 ms, PD patients have been shown to have deficits in performance (Pastor et al., 1992; Harrington et al., 1998) . Several studies have pointed out the critical role of the basal ganglia in producing time intervals (Harrington et al., 1998; OTBoyle et al., 1996; Wing et al., 1984) , and there is also evidence indicating the involvement of the cerebellum in movement timing (Ivry and Keele, 1989; Jueptner et al., 1995; Penhune et al., 1998) . Our findings are consistent with a model where both structures exert control over the production of timing intervals, and one can compensate for the other in a pathological state.
This raises the issue as to how the activation in the cerebellum and putamen are correlated and how the cerebellum may achieve compensation. We speculate on two possibilities that may not be mutually exclusive. First, we suggest that compensation could be achieved through the cerebellar-thalamo-cortical loop. For instance, the basal ganglia and cerebellum are thought to have distinct loops connecting with largely overlapping cortical areas (Middleton and Strick, 2000) . In monkeys, it has been shown that the internal segment of the globus pallidus and the dentate nuclei, via different nuclei of the thalamus, project to the same arm area in the primary motor cortex (Middleton and Strick, 2000) . Second, we suggest that compensation could occur more directly through projections from the cerebellum to the basal ganglia. For instance, recent evidence in monkeys indicates that the dentate nucleus communicates via a disynaptic connection with the input stage of basal ganglia processing in the striatum (Hoshi et al., 2005) . This finding in monkeys supported previous work in the rat (Ichinohe et al., 2000) . This pathway occurs through contralateral projections from the dentate nucleus, and is consistent with our result that only the ipsilateral cerebellum (ie. not the contralateral cerebellum) was negatively correlated with the contralateral putamen (Table 4) . At the end of their discussion, Hoshi and colleagues (2005) posed an open-ended question (page 1493): "When basal ganglia activity is abnormal, is the cerebellum part of the problem or part of the solution?" Since our behavioral data were not different between patients with PD and control subjects and putamen activation was reduced in patients with PD, we hypothesize that the hyperactivation in the cerebellum may have been part of the solution in minimizing behavioral differences. This reasoning is additionally supported by the fact that the cerebellum has been discussed as an essential locus for timing. However, our data are not conclusive and further research is necessary to determine if cerebellum activation is a natural consequence of the pathophysiology in PD, or a consequence of compensatory mechanisms.
Rigidity, bradykinesia, and hyperactivation in the primary motor cortex
The current study found that the primary motor cortex was hyperactive in PD patients compared with healthy controls during both automatic and cognitively controlled movements (Figs. 2 and 4 , Table 3 ). The finding that the motor cortex is hyperactive extends previous studies in PD patients on sequential movements (Sabatini et al., 2000; Thobois et al., 2000) , and single joystick movements (Haslinger et al., 2001 ). In contrast, using fMRI Buhmann and colleagues (2003) found that in drug naïve PD patients the primary motor cortex was hypoactive during an auditory-paced random finger opposition task, and the activation increased after L-DOPA intake. The findings of Buhmann and colleagues are consistent with the standard rate model of the basal ganglia-thalamo-cortical loop. In addition, these authors also suggested that a functional reorganization of the primary motor cortex may occur after prolonged dopamine treatment. This is consistent with the view that the motor cortex is overactive in PD patients to compensate for the deficient basal ganglia function (Sabatini et al., 2000; Thobois et al., 2000) . We did not find a significant correlation between the task-related BOLD activation of the primary motor cortex and the putamen (Table 4) . Although not conclusive, this finding suggests that compensation may not be a mechanism for the observed hyperactivation in the primary motor cortex.
An alternative hypothesis is that the hyperactivation in the primary motor cortex is related to specific cardinal signs of the disease. Similar to the current experiment, the three studies that found hyperactivation in the primary motor cortex used akineticrigid patients without major tremor (Haslinger et al., 2001; Sabatini et al., 2000; Thobois et al., 2000) . Thus, the abnormal pattern in the motor cortex is unlikely due to tremor because our patients either had minimal or no clinically observable tremor (Table 1) . However, the abnormal pattern could have potentially been associated with rigidity. For example, TMS studies have shown that there is defective cortico-cortical inhibition in motor cortex excitability (Kleine et al., 2001; Pierantozzi et al., 2001; Ridding et al., 1995) . This causes a diffused and increased response in the motor cortex that possibly underlies rigidity (Cantello et al., 1991 ). In the current study, all of our patients had rigidity in the right upper limb-UPDRS scores from 1 to 3. In addition, one of the key findings in this study showed that increased rigidity correlated positively with increased BOLD activation in the contralateral primary motor cortex in PD patients (Fig. 5B) . Control analyses showed that the BOLD activation in the motor cortex was not related to the button pressing time in PD patients, suggesting that a covariate of the behavior was not driving this relation. We agree with the suggestion that early in the disease prior to the dopamine treatment the primary motor cortex may be hypoactive and that as the disease progresses the motor cortex may reorganize (Buhmann et al., 2003) . In addition, our data suggest that after the disease progresses the hyperactivation of the primary motor cortex activity is related to limb rigidity. It remains possible that early in the disease the BOLD activation in the motor cortex may be related to rigidity, and this issue will have to be resolved further in future work. Nevertheless, the current findings are important because they are in contrast to previous suggestions that the motor cortex may not play a significant role in rigidity (Delwaide et al., 2000) . It remains to be determined if rigidity is mediated via the corticospinal tract or through subcortical projections from the basal ganglia to the motor neuron pool via the brain stem (Delwaide et al., 2000) .
One of the interesting findings in this study was that although right upper limb rigidity was correlated positively with the percent signal change in the left motor cortex, a similar effect was not found for upper limb bradykinesia. The correlation was moderate and positive, but not significant due to high variability between patients (Fig. 5C ). While the relation between bradykinesia and motor cortex was not as strong as the relation between rigidity and motor cortex, we postulate that this could change if the task demands were different. The current study purposefully investigated a task that minimized the influence of bradykinesia because we wanted to ensure that patients with PD could perform the task without major complications. This experimental strategy could have biased the signal changes in the motor cortex against a potential correlation with bradykinesia. This view is consistent with the proposal of Turner and colleagues (2003) that parkinsonian abnormalities in brain activity depend on the nature of the task being performed. Buhmann and colleagues (2003) previously showed that the BOLD signal in the motor cortex was positively related to the number of movements, suggesting that the level of bradykinesia may be negatively related to the BOLD signal in the motor cortex. The task used by Buhmann and colleagues was a maximal performance task, which is more suited for maximizing the effects of bradykinesia on motor performance. Thus, it is possible that in the same patients the signal intensity in the motor cortex could be negatively correlated with bradykinesia and positively correlated with rigidity depending on the patient signs and tasks chosen to accentuate those signs.
This discussion is also interesting in the context of pathophysiological models of basal ganglia function. The rate model predicts that due to dopamine depletion, there is a reduction in the excitatory thalamic outflow to the frontal lobe thereby reducing the rate of change of the descending commands (Albin et al., 1989; DeLong, 1990) . The model predicts that bradykinesia would occur in PD, in that reducing the excitatory inputs to the motor cortex would slow movements. The model also predicts that levodopa and deep brain stimulation can alleviate bradykinesia (Brown et al., 1999; Vaillancourt et al., 2004) . However, the model does not explain hyperactivation in the motor cortex or how changing the task demands could alter the correlation between the motor cortex and different signs of PD. An alternative model of basal gangliathalamo-cortical function is that normal outflow from the basal ganglia suppresses unwanted activity that may otherwise interfere with task performance (Mink, 1996; Penney and Young, 1983) . This model is consistent with the current findings in that abnormal suppression from the basal ganglia in PD could lead to an increased release in the motor cortical neurons that leads to hyperexcitability in the motor cortex and rigidity as a sign of PD. Thus, it is possible that each of these models has particular merits in explaining certain aspects of pathophysiology in PD, and that in the end the basal ganglia-thalamo-cortical loop does not have a unique response to changes in dopamine depletion. The functioning of the basal ganglia-thalamo-cortical loop and the correlations between signs of PD is most likely altered by patient selection and changes in the tasks demands that accentuate signs of PD (Turner et al., 2003) .
